We report an experimental demonstration of slow and superluminal propagation of pseudo-thermal (chaotic) light in the Λ-type system of the 5S 1/2 -5P 1/2 transition of 87 Rb atom. The slowed propagation of pulsed pseudo-thermal light was demonstrated in an electromagnetically-induced transparency medium while the superluminal propagation was demonstrated with the enhanced absorption scheme where the coupling field takes the form of a standing wave. We have also demonstrated that the photon number statistics of the pseudo-thermal light is preserved for both the subluminal and superluminal cases. 
Introduction
Coherent interaction between light and atomic system can alter the optical properties of a medium such as absorption and dispersion. Manipulating the dispersive property of a medium makes it possible to realize the control of light speed [1] [2] [3] [4] [5] . For example, a steep normal dispersive medium exhibits the ultra slow group velocity (slow light). Slow light has been attractive issues due to the possibilities of optical buffers and optical quantum memory. Based on the electromagnetically induced transparency (EIT), a two-photon atomic coherence effect, ultra-slow propagation of light pulse has been reported both in cold atom and in warm atomic vapor systems [1, 2, 6] . Recently, preservation of photon number statistics of thermal light in subluminal and light-storage experiments have been reported in Ref. [7] .
On the other hand, the group velocity in an anomalous dispersive medium can exceed the vacuum speed of light c. Superluminal light propagation with a laser pulse has been demonstrated using anomalous dispersion in various systems [8] [9] [10] . Although the superluminal group velocity appears to be at odds with causality, it has been shown that information velocity does not exceed c [11] . Note also that, there exists a fundamental limit for fast light [12] .
So far, the experimental realization of superluminal light has been done only with a coherent laser pulse. In this paper, we report an experimental demonstration of subluminal and superluminal propagation of pulsed (chaotic) thermal light in a hot Rb atomic vapor cell. Both slow and superluminal propagation are achieved in a single system. The slowed propagation of pulsed thermal light was demonstrated in an EIT medium. The superluminal propagation was demonstrated with the enhanced absorption (EA) scheme in which an additional counter-propagating coupling field to the EIT setting forms the standing wave coupling field [13] . We note that the EA scheme based on the standing-wave coupling field allows us to switch from the slow light condition to the superluminal condition for the pulsed pseudo-thermal probe in a single experimental setup. In addition, by measuring the photon coun distribution, we demonstrate experimentally that the photon number statistics is preserved for the superluminal pulsed thermal light.
Experimental setup
The experimental schematic is shown in Fig. 1 . Figure 1(a) shows the Λ-type atomic energy diagram of the D1-line of 87 Rb atom used for the experiment. When the strong co-propagating coupling field in a resonance with F = 2 → F = 2 transition is applied to the atomic ensemble, it becomes transparent to the weak probe field which is in a resonance with F = 1 → F = 2. The EIT medium exhibits the steep normal dispersion resulting in the slow light [6] . However, if the coupling field is made into a standing wave by adding an additional counter-propagating coupling field, the atomic ensemble now exhibits enhanced absorption (EA) [13] . We make use of the anomalous dispersion associated with the EA effect for demonstrating superluminal pulse propagation for the thermal light.
The experimental schematic is shown in Fig. 1(b) . First, two diode lasers (one for the coupling and the other for the probe) with the frequency shift of 6.843 GHz are phase-locked by the optical injection locking technique [14] . The probe pulse was generated by the acousto-optic modulator (AOM1). An additional acousto-optic modulator (AOM2) is used to compensate the frequency shift due to AOM1. A rotating ground disk (RD) is inserted to generate the chaotic pseudo-thermal probe beam [7, 15] . The probe beam is then combined with the co-propagating coupling beam at the polarizing beam splitter (PBS). We use a 2.5 cm diameter and 5 cm long Rb vapor cell without buffer gas. To prevent Earth's magnetic fields, the vapor cell is wrapped with three layers of μ-metal sheets. The temperature of vapor cell is controlled with a thermal heater located inside of μ-metal shielding. In order to set the standing-wave condition of coupling field, the counter-propagating coupling beam is directed backward at the second polarizing beam splitter. The intensity of counter-propagating coupling beam is controlled with a half-wave plate (HWP). The probe field, after propagating through the vapor cell, is split into two by BS: one is used to measure the transmission spectrum with the photo-current detector D1 and the oscilloscope (OSC) and the other is used for photon number statistics measurement with the single-photon counting detector D2.
EIT and EA spectra
Let us first discuss the transmission spectra of the probe field. In Fig. 2(a) , we show the transmission spectra of the laser probe measured by scanning the probe frequency while keeping the coupling laser frequency fixed. The power of laser probe was 10 μW and the power of co-propagating coupling beam was 3 mW. The temperature of the vapor cell was kept at 90 • C. When only the co-propagating coupling beam is applied, the typical EIT spectrum is exhibited with the linewidth of 1.5 MHz. We then applied the counter-propagating coupling beam of the same power as the co-propagating coupling beam to form the standing-wave condition for the coupling field. Once the coupling field takes the form of a standing wave, the EIT effect disappears and the atomic ensemble now exhibits enhanced absorption (EA) [13] . The linewidth of EA is measured to be 3 MHz. The broadening of the EA spectrum is due to (i) the saturation effect of probe absorption from highly dense atomic medium and (ii) increased power of the coupling field (i.e., an additional counter-propagating coupling field is present).
The transmission spectra for the thermal probe is shown in Fig. 2(b) . For this measurement, the rotating ground disk RD is inserted into the path of the probe beam. The focused probe laser scattered from the rotating ground disk is known to exhibit thermal light characteristics and is used in this work as the thermal probe field [7] . The characteristics of the thermal probe were measured with a Hanbury-Brown-Twiss interferometry and the coherence time of the thermal probe was approximately 2 μs, which corresponds to the spectral linewidth of 500 kHz [16] . The power of the thermal probe was measured to be 20 μW. With the thermal probe beam, the linewidths of EIT and EA were measured to be approximately 2 MHz and 3 MHz, respectively, as shown in Fig. 2(b) . The broadening of the EIT linewidth for the thermal probe, compared to the laser probe, is due to the broadened spectral linewidth of the thermal probe beam [17] . However, the EA spectrum for the thermal probe is identical to that of the laser probe, i.e., no broadening is observed for the EA spectrum, because of the saturation effect of probe absorption.
Pulse propagation
Let us now discuss the subluminal/superluminal propagation of thermal and laser probes. In all cases, the Gaussian-shaped probe pulse had the full-width at half maximum (FWHM) of 500 ns and was generated by AOM1 in Fig. 1 . In Fig. 3(a) , the experimental data for superluminal/subluminal pulse propagation for the laser probe are presented. The subluminal pulse propagation was demonstrated in the EIT condition and the superluminal pulse propagation was demonstrated in the EA condition [13] .
In Fig. 3(b) , the results for the thermal probe are shown. As before, thermal light was generated by scattering the probe laser off at the rotating ground disk and AOM1 is used to shape the thermal light into a Gaussian pulse. Although the amount of advance/delay of the peak positions of the thermal probe are slightly smaller with respect to the case of laser probe in Fig. 3(a) , it is clear that the thermal probe exhibits superluminal and subluminal pulse propagation in the EA and EIT conditions, respectively.
Photon number statistics
We now explore experimentally if the photon number statistics of thermal light will be maintained in the superluminal pulse propagation of the EA scheme. It is well known that the laser beam (i.e., the coherent state) follows the Poisson photon number statistics given as [18, 19] 
wheren is the average number of photons for a given measurement time. For thermal light, the corresponding photon number distribution is the Bose-Einstein distribution [18, 19] ,
In Fig. 3 , we have demonstrated superluminal pulse propagation of thermal probe in the EA medium. It would therefore be interesting to investigate if the photon number statistics is maintained during the superluminal pulse propagation process through the EA medium. In experiment, we have measured the photon counting events directly, by using the single mode fiber coupled single photon counting detector D2, for the optical pulse (laser and thermal) after passing the atomic medium. The measurement time was set at 800 ns which is shorter than the full coherence time of the optical pulse. Note that the measurement time window should be smaller than the coherence time of the optical pulse to faithfully measure the photon-number distribution of the pulse, see Ref. [7] .
We obtain the photon number distribution for the laser probe and the thermal probe. The experimental results are shown in Fig. 4 . The data show clearly that the laser probe pulse exhibits Poissonian photon-count distribution and the thermal probe pulse exhibits Bose-Einstein photon-count distribution in all three cases, namely, (I) superluminal pulse propagation in the enhanced absorption condition, (II) ordinary pulse propagation in the linear absorption regime with the coupling field turned off, and (III) subluminal pulse propagation in the EIT condition. The data in Fig. 4 can be used to evaluate the normalized second-order correlation coefficient g (2) [7, 19] g
since (Δn) 2 = n 2 − n 2 and the average photon numbern can be calculated from the experimental data. Note that the probe field is attenuated by adjusting the single-mode fiber which is coupled to the (non-photon-number resolving) single-photon detector so thatn is kept approximately 1, see Ref. [7] . For the laser probe pulse, the calculated g (2) are 1.07 ± 0.08, 1.06 ± 0.08, and 1.01 ± 0.03 for the superluminal, the subluminal, and the ordinary pulse propagation conditions, respectively. For the thermal probe pulse, the calculated g (2) are 1.95 ± 0.15, 1.87 ±
